Abstract A longstanding debate in evolutionary biology concerns whether species diverge gradually through time or by rapid punctuational bursts at the time of speciation. The theory of punctuated equilibrium states that evolutionary change is characterised by short periods of rapid evolution followed by longer periods of stasis in which no change occurs. Despite years of work seeking evidence for punctuational change in the fossil record, the theory remains contentious. Further there is little consensus as to the size of the contribution of punctuational changes to overall evolutionary divergence. Here we review recent developments which show that punctuational evolution is common and widespread in gene sequence data.
"As natural selection acts solely by accumulating slight, successive, favorable variations, it can produce no great or sudden modifications; it can act only by short and slow steps" (Darwin 1859) .
Understanding the range and diversity of organisms we see today is a fundamental challenge for biology. To meet this challenge, evolutionary biologists attempt to describe how and why evolutionary changes accumulate over time. Charles Darwin's 1859 theory of evolution by natural selection put forward the idea that evolutionary change or divergence accumulates steadily and slowly, in small steps, as one species succeeds the previous one in the struggle for existence. It was a revolutionary idea at the time, but now Darwin's gradualistic view of evolution has become widely accepted and deeply carved into biological thinking.
Over 110 years after Darwin introduced the idea of natural selection in his book The Origin of Species, two young paleontologists put forward a controversial new theory of the tempo and mode of evolutionary change. Niles Eldredge and Stephen Jay Gould's (Eldredge 1971; Eldredge and Gould 1972 ) theory of Punctuated Equilibria questioned Darwin's gradualistic account of evolution, asserting that the majority of evolutionary change occurs at or around the time of speciation. They further suggested that very little change occurred between speciation events-a phenomenon they referred to as evolutionary stasis.
Eldredge and Gould had arrived at their theory by studying patterns of evolution in the fossil record. It was well known even by Darwin that, when viewed in the fossil record, many species show rapid bursts of change that are often followed by longer periods in which little or no change occurs. However, detractors often argued that the appearance of punctuated change, and especially of stasis, was an artifact of the incompleteness or coarseness of the fossil record. The idea is that the vast geological time periods represented by fossil strata obscure many of the smaller changes that occur on a "real-time" basis. If so, the geological data will be of very low resolution, giving the appearance of stasis when in fact gradual changes have occurred (Hecht and Hoffman 1986; Hunt 2007) . In reply, Eldredge and Gould maintained that patterns consistent with punctuational change were observed even when the fossil record was exceptionally good; this led them in 1977 to coin the phrase "stasis is data" (see Gould and Eldredge 1977) , which has become something of a motto for their theory.
More than 30 years on and the theory of punctuated equilibria remains controversial, with many biologists still unconvinced as to the value of the theory as a description of how evolution proceeds. Much of the controversy surrounding it stems from the perception that Eldredge and Gould were in some way suggesting that new nonDarwinian evolutionary processes were required to explain punctuational evolution-that, somehow, the processes of change had become unhooked from the gradual tug of natural selection. These issues are discussed by Niles Eldredge (2008) in the article "The early 'evolution' of 'Punctuated Equilibria'" in a previous issue of this journal. In spite of these clarifications, and although attempts have been made to assess how common punctuated evolution is in the fossil record (see Erwin and Antsey 1995) , there remains little consensus as to the generality of the theory.
Several years ago, we realized that there might be a way to investigate punctuational evolution without having to resort to observations taken from the fossil record. Our idea was that historical events of punctuational and gradual evolution should leave a distinctive signature on what biologists call phylogenetic trees. In the next two sections, we describe what a phylogenetic tree is and how biologists use them. We then go on to discuss how we employed them to search for evidence of punctuational bursts of evolution.
Phylogenetic Trees
In publishing his theory of evolution by natural selection, Charles Darwin showed that groups of species diverge over time from a common ancestral species by a process of what he called "descent with modification." Darwin was among the first to use the metaphor of a tree to illustrate this idea. In much the same way that we often draw family trees or genealogies to represent the lines of descent within a family, phylogenetic trees describe how, over evolutionary time, ancestral species give way to new descendant species. Darwin repeatedly used tree diagrams to convey his thoughts (Fig. 1) , and as a measure of the importance he assigned them, the only figure in the Origin of Species depicts an idealized tree showing species, speciation and extinction events.
Today, biologists reconstruct evolutionary history to reveal how species are related to each other. Like Darwin, they represent this information in a tree-like form. The field of study for inferring phylogenies is called phylogenetics and the trees produced are called phylogenies or phylogenetic trees. The term phylogeny literally means the origin or genesis of groups. Up until recently, phylogenies were inferred from the analysis of the similarities and differences among species based on a suite of morphological characteristics. It is now relatively easy to obtain gene-sequence information, and genetic data have largely replaced morphological characters as the data of choice for inferring trees of contemporary species.
Phylogenetic trees can tell us more about the patterns and process of evolution than is at first obvious. Phylogenies, by tracing the evolutionary history of a group of organisms over a long period of time, can be used to infer the historical processes of evolution that gave rise to the diversity we see today. The nodes or points on the tree where a split occurs represent the historical event of an ancestral species giving rise to daughter or descendant species. The branches between these nodes represent periods of evolution between speciation events. It is natural to think of these branches as recording the amount of time between speciation events. However, if the phylogeny is constructed from gene-sequence data, the length of the branches records the amount of molecular or gene-sequence evolution that has occurred over the time period the branch represents (Fig. 2) ; that is, it records how different in an evolutionary genetic sense the daughter species is from its ancestor. In a previous issue of this journal, Gregory (2008) provides a more in-depth explanation of phylogenic trees and how to interpret them.
Punctuated Molecular Evolution
The possibility of a link between the rate (or amount) of evolution and speciation has interested biologists for over 50 years (Simpson 1944; Mayr 1954) . In contrast to a gradualistic view of evolutionary change, the existence of a link might suggest some special role for speciation per se as a contributor to the modification part of Darwin's descent with modification. It would also form part of the expected signature of punctuational evolution.
A few years ago, we realized it would be possible to detect whether short or punctuational episodes of evolution had occurred in the genes used to infer phylogenetic trees (Webster et al. 2003) . For each species represented in a phylogenetic tree, we can measure two values. The first is the total amount of evolution that has occurred between the base or root of the tree and the modern species alive today. The base of the tree represents the common ancestor of all the modern or extant species. We call the amount of evolution that has occurred along each of the paths leading to the modern species, the total path length, and we calculate it as the sum of all the individual branches along the lineage. Bearing in mind that the branches record the amount of genetic change between successive species, the total path length records the amount of genetic change that separates the common ancestral species from its descendants. The second value we record is the number of nodes or historical splitting events along each path through the tree. Some lineages, such as many birds or monkeys living today, have gone through many speciation events since their respective common ancestors. By comparison, it would be interesting if, for example, species we think of today as "living fossils" have had few speciation events since the time of their last ancestor millions of years ago. Figure 2 shows how the two values that we measure can be obtained from a phylogenetic tree. If evolution proceeds gradually and independently of speciation events, there would be no association or correlation between the number of nodes (historical speciation events) and path length (see Fig. 3a ,c). That is, if the process of speciation plays no role itself in causing change, then we do not expect that modern species at the end of paths through the tree with more speciation events will have diverged more from their common ancestor at the base of the tree. If, on the other hand, speciation events are associated with an increase in the rate of evolution, we expect paths with more nodes along them to be longer; where there has been more speciation, more total genetic evolution will have accumulated (see Fig. 3b,c) .
Our research group has applied this methodology to a large number of phylogenetic trees to search for evidence of punctuational evolution (Webster et al. 2003; Pagel et al. 2006) . In one study, we collected information on the amount of gene-sequence evolution from 122 different sets of species. From these datasets, we constructed phylogenetic trees and examined them for a correlation between the number of speciation events and the amount of molecular evolution. The trees included in our study describe the evolution of organisms as diverse as beetles, mushrooms, rodents and roses. We found that, in 35% of trees we studied, there was evidence for bursts of evolution in genes associated with events of speciation-the signature of punctuational evolution. The red circles identify the speciation events along that path of a group of endemic Hawaiian plants that displays the distinctive pattern of punctuational evolution. We were also able to examine whether punctuational effects were more common in some kinds of organisms than others. We found that punctuational changes were more common in plants (57%) and fungi (71%) than in animals (21%). An objection that might be raised about our findings is that rather than indicating an effect of speciation on rates of evolution, the reverse could be true. That is, maybe it is the case that lineages within our phylogenies that have, for whatever set of reasons, higher rates of evolution speciate more often. This would give the pattern of more speciation being associated with more evolution but would say nothing about punctuational change. We cannot strictly rule out this objection but, as we have discussed elsewhere (Pagel et al. 2006) , we think it unlikely. Evolutionary biologists have, for decades, sought evidence for traits associated with increased rates of evolution. For example, we might suspect that animals with shorter generation times will evolve more quickly because they reproduce many times for every time that an animal with a longer lifespan does. Very few examples of such traits have been discovered, and in our case we would not expect such traits to differ among the species within a given phylogenetic tree. This is because our trees describe groups of closely related species that tend to be very similar in such background characteristics as generation time or body size and measures of metabolism. For these reasons, we think our analyses point to speciation being the cause of the changes we measure.
Using our phylogenetic method for studying punctuated evolution, it is also possible to calculate how much of the total amount of evolution can be attributed to the bursts associated with speciation events. Each branch of a phylogeny is the product of two processes; some proportion of the evolution is punctuational and some is gradual. We were able to show that on average 22% of the evolution is attributable to the punctuational burst, with the remainder accumulated gradually. Despite there being significant differences in the likelihood of punctuational evolution occurring among plants, fungi and animals, we found no difference in the size of the effect.
Our studies, therefore, suggest that rapid bursts of evolution associated with speciation events represent an important, previously underappreciated contributor to evolutionary divergence. Interestingly, we find no genetic counterpart to the phenomenon of evolutionary stasis, the other part of Eldredge and Gould's punctuated equilibrium theory. That is, if around 22% of the total evolution arises in bursts, somewhere around 78% is accumulating by gradual means. This may not be surprising because we have studied genes, whereas Gould and Eldredge studied morphology. It is well known that some kinds of genetic evolution can occur without causing a change to the species' morphology. Evolutionary biologists call these changes neutral to signify that they do not produce measurable changes to the organism. By comparison, nonneutral or what are sometimes called coding changes are changes to genes that lead to measurable changes to organisms.
Our measures of genetic evolution include both of these kinds of change. There is good reason to expect that there will be gradual changes to the coding parts of genes during the long periods of time between speciation events. The coding parts of genes often evolve slowly, so we might expect these changes to be relatively small in number and consequently so might be their influence on the outward form of the organism. By comparison, neutral changes occur in the background all of the time, at a higher rate and independently of whether a species is changing its outward appearance or phenotype. There is reason to expect that these changes will be greater in number than the coding changes. Therefore, the periods of stasis in morphological traits that Eldredge and Gould and others have observed may correspond to periods of predominantly neutral changes in the genes we have studied.
In this sense, the 22% figure associated with speciation is, we believe, large. This is because we think the punctuational episodes are relatively short periods in the lifetime of a species and yet as much as 22% of the total genetic change is occurring in them. It may be possible, in the future, to untangle the evolutionary genetic changes that cause a change to the phenotype and those that do not and study these individually for their contribution to punctuational evolution. At the same time, as it stands, it is important to be clear that our results do not provide either evidence for or against stasis at the morphological level. 
Mechanisms for Bursts of Evolution
How are we to reconcile these punctuational bursts with conventional Darwinian accounts of evolution? Two wellestablished mechanisms for speciation may provide answers. One makes use of what biologists call founder effects. The other invokes rapid evolutionary change as species enter new niches. When a species acquires a trait that allows it to exploit some new feature of the environment, it can be said that it occupies a new environmental niche. The species may then show rapid changes in other traits as it adapts to this new niche.
Small populations sometimes break from a large ancestral one and form a new population. This might happen if some of the individuals in a group move to a new area or if some geological event occurs to separate them. If the separation between the two is maintained, in time this new population may form a new species. In this situation, chance can play an important role in which alleles or variant forms of a gene are represented in this new population. In most populations there will be several different forms or alleles of the same gene found among its members. If a new population is formed from a small sample the proportion of alleles present can be different from the ancestral group. Think of a group of individuals wearing red or white hats where the colour of a hat signifies the presence of a particular variant of a gene. If we randomly sampled a small number of these individuals, all might have the same hat color. But if we sampled a large number of them, we would almost certainly include people with hats of both colors.
In small populations, an allele is more likely simply as a result of chance to go to fixation-all members of the population will come to have it-than the same allele in a large population. This process of the random fixation of alleles is known as genetic drift and it is one of the ways that isolated groups of organisms acquire genetic differences. In 1954, the well-known evolutionary biologist Ernst Mayr proposed that speciation often occurs following the formation of small isolated populations. In a recent edition of this journal (January 2008), Anastasia Thanukos reviews and explains Mayr's ideas on speciation.
For our purposes, it is intriguing that the effect of drift is greatest in small groups and rapidly declines as population size increases. If, when new species form, they often begin as a small and isolated population, this gives us the ingredients for a punctuational pattern of evolution. That is, we expect that for a short period of time the rate of evolution will be accelerated owing to the effects of chance and genetic drift. This will be followed by a return to the "normal" or background rate of evolutionary change as the new species grows in numbers. This mechanism can only work if migration and interbreeding between the ancestral population and the new founder population is extremely low or even nonexistent: some population geneticists think even "extremely low" migration and interbreeding are enough to prohibit speciation by founder effects.
The second general mechanism is adaptive evolution as species invade a new ecological niche. Consider, for example, that a population of a moth species finds itself living among flowers or plants of a different color to those normally encountered by the original or ancestral moth population. We might expect natural selection to favor individual moths in this new population whose appearance better matches the background, as they will avoid predation. Over time, this process may cause the population to become a new, and differently camouflaged, species. If occupying a new or different niche commonly attends speciation, then we might expect to see a transient increase in rate of evolutionary change as this adaptive process occurs. This increase is transient because over the longer term, as the new species becomes better adapted to its new surroundings, the rate will slow.
Both these mechanisms rely on fast and continued reproductive isolation. This means the two populations stop interbreeding (migration between them is very low). Recently, evolutionary biologists have found that rapid reproductive isolation is more common than previously thought (Culotta and Pennisi 2005) and it is often associated with what is known as sympatric speciation or speciation between populations which share the same geographical range. Many of the mechanisms which can cause this rapid reproductive isolation are more common in plants and perhaps fungi than animals and therefore may go some way in explaining the differences we have observed in the frequency of punctuational evolution among these groups.
Looking around us, it may be that punctuational bursts of evolution are responsible for the surprising morphological diversity between some very closely related groups. Among the 80 or so species of the Andean genus Lupinus (Hughes and Eastwood 2006)-a flowering plant directly related to the common garden Lupine-some are over 12 ft (3.7 m) tall while others are barely bigger than 2 in. (5 cm). Some are tree like; others are herbs and others yet take the form of small bushes. Similarly, Lake Tanganyika in central Africa supports a diverse radiation of the cichlid fish of the genus Tropheus (Egger et al. 2007 ). This radiation, beginning just one million years ago, is thought to have produced the numerous lineages, with diverse morphology, we see today.
Detecting punctuational evolution at the molecular level, then, does not mean that Darwin got it wrong; likewise, it does not require a reevaluation of modern evolutionary theory. Conventional neo-Darwinian ideas such as natural selection and random drift can explain these bursts of evolution. What is interesting about punctuational effects is that speciation itself may be an important factor in increasing the rate of evolutionary change. The evolutionary changes could still accumulate in small steps, but these steps are taken more quickly at the time of speciation.
Punctuated Language Evolution
"The formation of different languages and of distinct species, and the proofs that both have been developed through a gradual process, are curiously parallel" (Darwin 1871) .
As is often the case with matters of evolution, Charles Darwin was among the first to realize that language and species might evolve in a similar way. Researchers today generally agree that many of the principal characteristics of linguistic evolution are analogous to those of species or biological evolution. In a similar way to morphological characters and gene sequences of species, languages have heritable units that can be passed to subsequent generations and may be subject to forces similar to natural selection, mutation and genetic drift (Atkinson et al. 2008; Croft 2000) .
It is possible to derive a phylogenetic tree of languages based on the similarities and differences in vocabulary. Such trees can inform us about the evolutionary history of a particular language family. In these trees, the branches that separate the nodes are measured in units of lexical replacement (acquisition of novel words); the nodes themselves represent language-splitting events, the linguistic equivalent to a speciation event.
We recently (Atkinson et al. 2008 ) sought evidence for punctuational bursts of linguistic evolution in phylogenetic trees inferred from vocabulary data using three major language families-Bantu (a large category of African languages), Indo-European and Austronesian. Together, these account for more than one third of the world's languages. We found evidence in all cases for punctuational bursts of language evolution associated with the formation of new languages. Further, a surprising amount of the overall lexical divergence among languages was attributable to punctuational effects: 31% of the vocabulary differences among Bantu languages occurred at splitting events, 21% in Indo-European languages and 10% in Austronesian.
The rate of language evolution and factors affecting it has been discussed by linguists for many years. Kirch and Green (1987) suggested that the movement of Polynesians inhabiting Pacific islands might have caused an increased rate of language evolution owing to the many and successive founder events to which such island hopping would have led. These founder events are the linguistic equivalent of genetic founder events. The Polynesian languages are a subset of the Austronesian tree. When the punctuational test was carried out on the Polynesian subtree, the contribution of punctuational effects increased to 33%, over three times that of the Austronesian tree taken as a whole! It seems, then, that at least some punctuational bursts of language evolution may arise from founder effects. However, language may be useful for things other than mere communication. Linguists have long viewed language as a facilitator for group cohesion and identity. This being the case, the punctuational language change observed may reflect humans' capacity to adjust languages at critical times in our cultural evolutionary history; maintaining cohesion in the light of the emergence of new and/or rival groups. We note that Noah Webster, who created the first dictionary of American English, deliberately introduced spelling differences between American and British English, asserting that "[A]s an independent nation, our honor requires us to have a system of our own, in language as well as government" (Webster 1789 ). These new spellings appeared almost instantaneously and have persisted to this day.
New Directions
Speciation frequently seems to act as a driving force for molecular evolution, a phenomenon that has often been overlooked by biologists. Further, the analysis of language data shows that the search for punctuational effects can also move outside biology. What are traditionally biological techniques, including phylogenetics, are gaining momentum in other disciplines, such as anthropology and archaeology. Ford (1962) proposed that cultural change is often reflected in cultural artifacts, and he illustrated the point by noting changes in ceramic vessels over time. Phylogenetic trees have now been constructed for many material cultural artifacts including spear heads (O'Brien et al. 2001) , textiles (Tehrani and Collard 2001) and musical instruments (Temkin and Eldredge 2007) . It has even been suggested that phylogenetic trees can be derived from songs and/or music (Fitch 2005; Fitch 2006 ).
In principal, cultural phylogenetic trees could be studied for punctuational evolution. If the evolution of the cultural artifacts is characterised by descent with modification, such analyses would be justified. In fact, if a meaningful phylogeny can be inferred from data derived from them, it goes some way in showing that cultural evolution often proceeds in a manner analogous to biological evolution.
The theory of punctuated equilibrium was originally proposed to explain morphological evolution observed in the fossil record. To our knowledge, there is no phyloge-netic research that has demonstrated bursts of morphological evolution, but the methodology we have used is new and we look forward to investigators applying it to morphological characters in the future. The study of punctuational evolution represents an area of great potential research which might connect disparate branches of evolutionary biology and perhaps disciplines beyond.
